Biological material is exposed to different type loads during the harvesting, sorting, and transport. The contact with the hard element of the box or the harvester causes damage to the internal structure. Long-term static loads and hitting by another carrot root are the most common type of mechanical damage occurring in the post-harvest process. Because of the characteristic shape of agricultural products, compression force focused on a small area. The main purpose of this study was to determine the discrete model of carrot root as well as to verify it based on the displacement distribution.
Introduction
Biological materials, such as vegetables and fruits, are being exposed to dynamic and static loads during harvest, transport, and sorting. Long-term static force concentrated on a small area of apple surface, as well as hit against another fruit or element, results mostly in permanent deformation of the apples [1, 2] . Hyde [3] , Kabas [4] , Komarnicki, et al. [5] , and Thompson [6] conducted studies, consisting in assessing of mechanical damage including agricultural products, especially apples, tomatoes, and peaches. Based on the experimental model, they described and classified the most common types of the fruit damages in relation to the acting force [7] [8] [9] [10] [11] . Studman [12, 13] and Pang, et al. [14] , besides the static load, assessed the bruise resistance of fruit during storage.
Many researchers [15] [16] [17] [18] set a critical load and established proper conditions to determine it. Review of the scientific literature confirms that earlier studies were not allowed to implement them into practice. Very often, exceeding the permissible threshold of resistance caused a mechanical damage of fruit and led to the first phase of the fermentation process. Holt and Schoorl [19] , Kitthawee et al. [20] , Rodriguez et al. [21] , and Wenian, et al. [22] conducted a study aimed at the assessment of biochemical enzymes which cause the fermentation process. According to Sojak [23] , for determining a method which allows the assessment of the mechanical damage during storage, at first the mechanical properties as well as the size of zone should be described, on which the maximum force was focused. Until now, a problem of the mechanical damage on contact surface in fruit was analysed only for apples.
Nowadays, most researchers focus on assessment of changes in the contact area between apples and testing sensor under external force [24] [25] [26] [27] [28] . They confirmed that for determining the mechanical damage of fruit, the shape and characteristic parameters of the test object should be defined. Usually, a modelling phase includes the collection of reliable data and identification a process which will be described by experimental model. Dintwa et al. [29] , Kobyłka and Molenda [30] , Li et al. [31] , Petrů et al. [32] , Van Zeebroeck et al. [33] [34] [35] , and Yousefi et al. [36] applied a computer model to analyse the boundary values of the compression force concentrated in a small area.
Biological material is made of characteristic anatomic forms of the cells which reduce the relationships between forces acting on contact plane. The first implementation of the finite element method including apples was conducted by Lu and Abbott [37] and Puri and Anantheswaran [38] . The authors analysed a transfer of vibrations by the fruit tissue while the apple impacts against another element or fruit. They described the force impulses on the basis of acoustic parameters of tested objects [39, 40] . Based on the brevity of the apple tissue, the phase of fruit maturity was determined. Lewis et al. [27] have built the discrete model of 'Golden Delicious' apple using the laser scanner. Because of the complex structure of the fruit, the tetrahedral finite element model with four nodes was applied. For comparison, the authors of previous studies [37, 39] have determined an experimental model on the basis of isotropic properties of biological material. Abbott and Lu [41] emphasised that often the difficulty in modelling is resulted from differences in mechanical properties of the tested elements (skin, flesh, core).
Dintwa et al. [42] studied apple bruise area, which appears during the contact against a fixed plate as well as another apple. They applied the MSC.Marc®/Mentat® system for model determining which enabled to calculate the geometrical nonlinearity (large deformations) and material properties (plasticity) including contact stresses and open or closed slots, based on the finite element method. Van Zeebroeck et al. [43] and Celik et al. [44] conducted a study on the halved apple because of the symmetry of the tested object and in order to reduce a calculation time. The model of the biological material, determined on the basis of the finite element method, was presented by Wu and Pitts [45] . The authors assumed that the mechanical properties of the plant tissue depend on structure and properties of the single cell. For comparison, Wu [46] , Grotte et al. [9] , and Manjunatha and Das Gupta [47] emphasised that the measurement of the tissue properties and verifying analysis of them were primarily difficult.
Materials and methods
The assumptions for determining the carrot root discrete model
The aim of this research was the determination of the discrete model of carrot root and conducting a verifying analysis which is based on displacement distributions. The studies included harvest, sorting, and transport processes. For determining surface pressure of the tested object, the following loading elements were applied: the flats; l 1 = 3 mm, l 3 = 7 mm in width, and the cylinder with R = 28 mm in diameter. The tested carrot was 'Karotan'. Generally, this variety is harvested in October. The vegetables were purchased in Poland in Lower Silesia district. The root length ranged from 137 to 156 mm, and the diameter of the tested object was between 30 mm and 40 mm and has met the UE standards for carrots introduced by the European Commission Regulation (EC) No 730/1999 on April 7, 1999 , and the changes to the standard imposed by Regulation (EC) No. 46/2003. The tested sample used in the study was disk shaped and cut between two perpendicular planes in the direction of longitudinal axis as shown in Fig. 1 . The distance between the determined planes was 15 mm and comprised approx. 10% of the carrot root total length.
For determining the carrot root discrete model, a membrane state of stress in cross-section plane (Fig. 2) was applied. Tangential and normal stresses acting in the perpendicular direction to the flat plane were ignored. The authors assumed that the force acts through a cross-section plane. Based on the analysis of the geometrical characteristic of the test material, the following assumptions were adopted: the core diameter -φ r = 15 mm, outer diameter of the carrot root -φ k = 30 mm, and the thickness (h) of cambium was 1 mm.
After an analysis of the carrot strength properties, the authors decided to implement the anisotropy of biological material to the experimental model and adopted the parameters listed in Table 1 . [48] They took into consideration the mechanism of large deformation occurrence and the problem of surface pressure which causes a damage in the internal structure of carrot root. This issue was solved by the use of one-node contact elements in a form of nodal line. Table 1 shows mean values as well as the standard deviation (SD) of stresses which ranged from 0.17 to 0.59 MPa for the modulus of elasticity E and 0.006 to 0.012 for Poisson's ratio ν. The maximum value of the stress in the tested sample was 0-0.8 MPa. The value of the elastic modulus E on the basis of tangential method was determined and presented on the graph of stress expressed as deformation function obtained from compression test. For the studies, the cylindrical cross-section samples with a diameter of 8 mm and the length of 7 mm were taken and compressed by the INSTRON 5566th testing machine. The Poisson's ratio was calculated on the basis of the Videoekstensometer ME-46, which allowed for non-contact measurement of sample's deformation characterised by similar size. The loading elements were made of steel (E = 2.1 E5 MPa, ν = 0.3) in disc form. The stiffness of the tested material ensured a deformation at a low level in comparison with deformation of the carrot root. The experimental model was loaded under force acting in the radial direction through the top loading element (Fig. 3) .
The authors conducted a study on the halved carrot root due to the symmetry of the tested object and in order to shorten the calculation time. It was assumed that the bottom loading element was fixed by reducing all the degrees of freedom. The half of the cross-section carrot root and the top loading element were supported in the X direction to enable the movement of these elements in the direction of the Y axis.
The discrete model
For determining the discrete model, the flat and triangular finite elements were characterised by three nodes, called TRIANG 2D -for the core layer and the flat rectangular elements called 2D PLANE -for a layer of bark and cambium. The problem issue of contact pressures, which have not included the friction between the contact elements, was solved by the use of special instrument called GAP [49] . As a result, a three-layer discrete model was built, which included: 576 PLANE 2D elements of core layer, 72 PLANE 2D elements of cambium layer, 1098 TRIANG elements of the core layer, 1456 nodes and elements having 2912 degrees of freedom. The conducted nonlinear analysis was performed on the basis of: boundary conditions, contours of displacement u x in the direction of the X axis and u y in the direction of the Y axis on the whole plane of the tested model. The COSMOS/M program was applied to determine distributions of displacement in two mutually perpendicular cross-sections. For determining displacements, the Electronic Speckle Pattern Interferometry (ESPI) programme was used by Gerhard and Busse [50] . This system allows to determine the contours of displacement on the whole surface of the tested sample as well as distributions of displacements along the selected sections.
This study was aimed at determining the distributions of displacements using speckle pattern interferometry and was carried out in the Department of Biomedical Engineering and Experimental in the Mechanics Institute of Design and Operation in Wroclaw University of Technology. The test instrument enabled the measurement of displacements with high precision and in non-contact way including three directions on the whole cross-section area. This instrument was equipped with the head, which allowed for the assessment of displacement by speckle pattern interferometry (ESPI 3D system). Such a head consisted of coherent light source (two laser diodes of 50 mW) and the optical system which enabled the separation of the optical beam into objective and reference beams (Fig. 4) .
The objective beam, due to the system of prisms, was divided into four mutually perpendicular to each other beams, which after the reflection against the mirror surface, was directed to the test object, then scattered on its surface, and put on the lens of a digital camera with high resolution. The loading element was equipped with an extension arm on which a measuring head was placed. This instrument was put on the table used for the holographic test, which enabled the insulation of the test object against outside disturbance. The tested carrot root was preloaded under force of F '= 2.5 Nmm −1 , which constituted about 10% of the critical load. It was noted that during storage the load was evenly put along the entire length of the root and corresponded to the real values of the load on the whole root and amounted approx. 400 N. After the constant phase, the holographic image has been recorded, and as a consequence, the authors have increased the load by ΔF '= 0.02 Nmm −1 . The presented method allows for performance of the maximum force, above which the displacement values exceed the measuring range of the ESPI system. After 30 s needed to regulate a new image of speckle pattern, a renewed record was conducted. Because of the interference of holographic images, the system of fringes was obtained. Firstly, the obtained results were converted into digital signals and processed by a computer equipped with testing system. As a result of the electronic processing, an optical holographic image was obtained, on which the displacement contours in three perpendicular directions were presented: in direction of the vertical Y axis, in direction of the horizontal X axis, and Z direction which was perpendicular to the plane of the tested section. Based on these results, the verifying analysis of the discrete model was conducted. 
Results and discussion
During the harvest, sorting, and transport, the carrot roots are exposed to contact with the various shaped elements. The most popular include flat surface, flats in various widths, and cylindrical elements. Hence, the authors decided to carry out the verification test on the basis of displacement distributions, which concerned a working part of the flat or cylindrical shaped loading head characterised by a width of l 1 = 3 mm (Fig. 5b) , l 3 = 7 mm (Fig. 8b) for flats, and the radius R = 28 mm (Fig. 11b) for cylindrical shape. Figure 5 shows the contours of displacements u y obtained from the experimental studies (Fig. 5a ) and on the basis of the discrete model (Fig. 5b) during acting of the flat element (thickness g = 3 mm) against surface of the examined object. At the point of impacting force, the u y displacement in the Y direction reached the maximum value. The zone of clear visible local influence ended at the contact point of the core and the bark. On the total section plane, a displacement was zero It was confirmed by the contours of displacement performed along the vertical axis of the tested object (Fig. 6) . The determination of the relative coordinate was performed in order to compare the experimental results with the model. For this purpose, the centre of the coordinate system into the left bottom corner (on the images of the ESPI) was displaced, and results by the real diameter of the tested sample (y' = y/d)-were divided. The studies were conducted in five repetitions.
Matching the model to results obtained in the experimental studies in Fig. 7 was presented. This image clearly shows that experimental results of displacements above 4 µm correspond with the model in the range of ± 20%. The poor compatibility was observed only for less than 4 µm deformation values, put especially on the bottom support and resulted from friction phenomenon occurrence between the support arm and tested sample as well as impact of flat's sharp edges.
The relative error ranged from 0 to 13.18%, and mean value of displacement was 8.19%. In analysed section, the cambium layer has not influenced the displacement u y . The average difference between the real values in comparison obtained from model was 0.92 μm and constituted about 9% of the maximum displacement values (Table 2) .
A slight difference in displacement distribution on tested section plane under impact flat element (thickness g = 7 mm) was observed (Fig. 8) . A displacement was visible on the whole section plane (lack of displacement was shown only at the bottom fixed jaw). On symmetrical section plane, which was cut through the horizontal axis, the displacements were characterised as constant. Sharp edges of test element clearly influenced the displacements by narrowing their zones towards the point impacting force. Figure 9 shows a perturbation on the graph of course especially in the contact area between the core and the bark.
Matched model to the experimental data was in range of ± 20%, whereas the test object was under load of the flat element, characterised by 7 mm in width (Fig. 10) . The conducted analysis showed a greater match in the area of support arm due to the occurrence of friction without influence of flat sharp edges on test sample. The relative error was constant for the whole section plane and ranged from 0 to 13.09%, whereas the mean value was 3.31%. The average difference between real and obtained from the model values was 0.39 μm and constituted about 3% of the maximum displacement (Table 3 ). The results of the above studies confirm that matching this model to the experimental data was more accurate than in other tests. Figure 11 shows the contours and distribution of u y displacement for the carrot root cross-section plane at the contact point between tested sample and the cylindrical shaped plane for R = 28 mm. Because of the round shape of contact surface, a line course for constant value has been changed. These lines were located in perpendicular directions to the acting force. The conducted analysis indicated that at the contact point between the core and the bark, disturbances in course of displacement were observed. Such a phenomenon was observed on the graphs describing displacement u y formed along the axis covered by acting force (Fig. 12) .
The most effective match model to experimental data was obtained for the interaction of tested object with the cylindrical surface of R = 28 (Fig. 13) . In this case, a clear compatibility was observed only in the area of support arm (deformation level was 0.1 μm), whereas on the rest surface exceeded ± 20%. The analysis of displacement for the obtained sample has not been conducted due to the shape of the flats impacting surface. For obtained load range (up to 2 μm), the error was relatively constant on the whole section and ranged from 0 to 17.7%, whereas the average value was 4.8%. The mean difference between the real values and obtained on the basis of the model was 0.09 μm and constituted 4.5% of the maximum displacement values ( Table 4) .
The authors compared the obtained results to the experimental studies conducted by other researchers. The elasticity modulus for a single cell corresponded to the parameter determined by Steudle and Wieneke [51] . Wu and Pitts [45] showed a 3D model of the finite element method, allowed for maintaining a real shape of the flesh cells, which was determined by microscopic measurements and then tested. The discrete model of the cell's peel was performed with the use of the 224 thin and parabolic shell shaped elements. The applied MARC™ (MARC Analysis Research Corporation) system enabled a non-linear analysis and assessed a reaction of single cell subjected to various types of loads.
Lewis et al. [27] determined the surface pressure on the basis of the ultrasonic waves. Based on these studies, it was found that the distribution of pressures created along the contact plane was significantly different from that obtained through the use of other methods. For determining the surface pressures, on the whole length of contact zone, the Hertz formula was proposed, which caused significant differences between the experimental data and the real values [52] . The finite element method is recognised as one of the most popular programmes used in determining an experimental models including various type of tested materials. The use of the finite element method in assessing the biological material properties develops some problems due to the delicate structure of flesh and tissue. Generally, the biological material has an anisotropic structure and is characterised by a low elasticity modulus and high level of Poisson constant. In addition, the layered structure and the strength of the test material depend clearly on a place from which the sample was taken. Other authors confirmed that properties of the biological material changed over time and the mechanical parameters of the plant tissue strongly depended on the water content [53] [54] [55] .
Conclusion
The problem of contact pressure including fruit as well as vegetables occurred generally during harvesting, sorting, and transport. The force concentrated in a small area may cause serious damages, even though the total value of the acting force is low. A computer analysis, conducted on the basis of elasticity and plasticity theory, has not provided reliable data and developed often many errors. The use of the Hertz formulas in determining the allowable limit of surface pressures for biological materials negated the assumptions on which they were formulated. From a theoretical viewpoint, the analyses of friction which occurred in the contact zone as well as mechanical deformation between agricultural products appeared impossible. The effective calculation process, required to meet some basic procedures, joined with technical capability of the tested programme. First of all, it was necessary to conduct an analysis of the tested materials on the basis of reliable data which concerned their mechanical properties and phenomena including a modelling process. For this purpose, the authors evaluated the density, the modulus of elasticity E, and Poisson's ratio ν in three mutually perpendicular directions. Secondly, the verifying analysis of the discrete model was carried out using a few parameters that have not been considered as aim of this study. The test was performed based on the displacement of selected points, placed on the cross-section plane and determined by ESPI system. Because of the applied testing method, the load range for carrot root was reduced to 2.5 Nmm −1 . Thirdly, the determination of contours, distributions, and parameters is described as a purpose of this study, for example, the contours of stresses σ x , σ y , σ z , the contours of displacements u x , u y , u z , and surface pressures. The verification of the finite element model using the COSMOS/M system, based on the displacement distribution, corresponds to the absolute values, obtained from the study. The relative error resulting from the comparison between the experimental data of the uy displacement and that obtained during modelling has not exceeded 20%. The presented model can be practically applied in the assessment of damages in biological material caused by various types of loads on which the carrot is exposed during harvesting, transport, sorting, and storage.
